We have constructed a library of DNA fragments heavily methylated in human adenocarcinomas of the lung to permit the comprehensive isolation of methylated CpG islands in cancer. Heavily methylated genomic DNA fragments from tumors of nine male patients were enriched using a methylated DNA binding column and used for construction of the library. From this library, DNA fragments having properties of CpG islands were isolated on the basis of their reduced rate of strand dissociation during denaturing gradient gel electrophoresis. Approximately 1,000 clones, corresponding to 0.3% of the library were analyzed, and nine DNA fragments were identified as being associated with CpG islands that were methylated in tumor DNA. One CpG island was methylated specifically in tumor DNA, whereas the remaining eight CpG islands were methylated both in normal and tumor DNA derived from the same patients. Our results suggest that the number of CpG islands methylated specifically in tumors is not large. The library, which contains DNA fragments from methylated CpG islands comprehensively, is expected to be valuable when elucidating epigenetic processes involved in carcinogenesis.
Epigenetic gene silencing is known to be associated with many biological phenomena. In physiological settings, such as X inactivation and genomic imprinting, one of the two alleles is transcriptionally inactive without any apparent alteration of nucleotide sequences. Although the molecular mechanism of epigenetic gene silencing has yet to be elucidated, accumulating evidence strongly suggests that DNA methylation is closely associated with long-term repression of transcription. It has been proposed that binding of the repressor protein(s) to methylated CpG pairs (mCpGs) induces gene silencing, possibly by altering chromatin structure and subsequently eliminating basal transcriptional machinery and RNA polymerase activities (for a recent review, see ref. 1) .
Cancer is caused by the accumulation of both genetic and epigenetic changes. Although genetic changes, that is, alteration of DNA sequences, have been extensively investigated, epigenetic changes remain less well examined. In cancer, methylation of CpG islands is considered to be one of the major epigenetic aberrations that causes gene inactivation (for recent reviews, see refs. 2 and 3). However, only limited information is currently available on the nature of those CpG islands. Comprehensive identification of methylated CpG islands in tumors may lead to the understanding of the epigenetic process that underlies tumorigenesis.
Methylated DNA binding column is an affinity matrix that contains a polypeptide derived from the methyl-CpG binding domain (MBD) of the rat chromosomal protein MeCP2, which preferentially binds DNA at symmetrical mCpG sites (4) . A polypeptide, termed HMBD, consists of 85 aa of the MBD domain and a histidine tag at the N-terminal end, which can then be attached to a solid support (5) . Because the stoichiometry of binding is reported to be 1 HMBD to 1 mCpG (4), heavily methylated DNA fragments have increased affinity with the column when compared with poorly or moderately methylated fragments. This property provides an opportunity for the efficient enrichment of heavily methylated DNA fragments.
Segregation of partly melted molecules (SPM) is a method for the preferential isolation of DNA fragments associated with CpG islands from cloned DNA fragments (6) . SPM takes advantage of the reduced rate of strand dissociation in a denaturing gradient gel of DNA fragments derived from CpG islands (6) . We have shown that many DNA fragments containing CpG islands can be detected efficiently from anonymous regions of cloned DNA by employing SPM methodology (6) (7) (8) . The overall procedure is relatively simple and can be performed without prior knowledge of nucleotide sequences.
In this study, we have attempted a comprehensive isolation of CpG islands that are methylated in human adenocarcinomas of the lung by the combined use of MBD column chromatography and SPM.
MATERIALS AND METHODS
DNA Fragments and High Molecular Weight DNA. DNA fragments with known nucleotide sequences subjected to in vitro methylation are summarized in Table 1 . Methylation of DNA fragments using HpaII methylase or SssI methylase (New England Biolabs) were performed following the manufacturer's recommendation. Methylation status of modified fragments was examined by incubation with appropriate restriction endonucleases. Isolation of high molecular weight DNA from surgical specimens of human lung cancer and those from subjects obtained at autopsy has been reported previously (9) . To digest 1 g of genomic DNA completely, 2.5 units of Tsp509 I (New England Biolabs) were used under the condition recommended by the supplier.
Preparation of MBD Column. Polypeptide HMBD was produced in bacteria transformed with pET6HMBD (5). The MBD column was prepared following a published procedure (10) . A stepwise gradient of salt (0.4-1.0 M NaCl by 40 mM per step, in 20 mM Hepes (pH 7.9), 10% glycerol, 0.1% Triton X-100, 0.5 mM
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phenylmethylsulfonyl fluoride, and 10 mM 2-mercaptoethanol) was applied to elute bound DNA fragments as described (10), with minor modifications. The relative elution profile is reproducible, but absolute salt concentration for elution of a specific DNA fragment requires calibration with known DNA fragments. PCR Experiments. The PCR primers used to detect DNA fragments containing a CpG island of the human CDH1 gene were 5Ј-AGAGGGTCAACGCGTCTATG-3Ј and 5Ј-TCA-CAGGTGCTTTGCAGTTC-3Ј. The product size was 200 bp. The PCR primers used to detect DNA fragments R16-2 and pS5 were 5Ј-CCTTCCCCAAAAGTCCTCTC-3Ј and 5Ј-GGAAAGGAGATAGATGGGGG-3Ј (product size, 150 bp) and 5Ј-TATCGCTGTGGTGAGTCTGG-3Ј and 5Ј-GCATT-GCTCTCGCTCTCTCT-3Ј (product size, 129 bp), respectively. Thirty cycles of amplification (30 sec at 94°C; 30 sec at 55°C; and 1 min at 72°C) using AmpliTaq DNA Polymerase Stoffel fragment (PerkinElmer) was performed. The PCR primers used to analyze DNA fragments associated with CpG islands isolated in this study are summarized in Table 2 . Reactions were performed at conditions similar to those above except with an annealing temperature of 66°C and 35 cycles of amplification. In some cases, PCR experiments were repeated at least twice to confirm reproducibility.
Cloning of the Fragments and SPM Analysis. Highly methylated genomic DNA fragments enriched by MBD column chromatography were cloned using a lambda Zap II vector (Stratagene). A 1-l aliquot of bacteriophage suspension recovered from a single plaque was subjected to PCR to select clones possessing long inserts. The PCR primers used were 5Ј-TAACCCTCACTAAAGGGAAC-3Ј and 5Ј-GTAATAC-GACTCACTATAGG-3Ј on the basis of the nucleotide sequence of the vector. Reactions were performed as described above (annealing temperature at 55°C and 30 cycles of amplification). In vivo excision of phagemid DNA from the lambda Zap II vector was performed following the manufacturer's recommendation. SPM analysis and nucleotide sequence analysis of the retained fragments were carried out as described (6) . The algorithm of Gardiner-Garden and Frommer (11) as implemented for computation (http:͞͞www.no.embnet.org͞cpg͞cpg.html) was helpful in recognition of potential CpG islands.
Southern Analyses. High molecular weight DNA from six human lung adenocarcinoma cell lines, A549, RERF-LC-OK, RERF-LC-MS, ABC-1, LC-2͞ad, and VMRC-LCD were subjected to Southern analysis as described (12) . Northern analysis was carried out following published procedures (13) .
RESULTS
Separation of Differentially Methylated DNA Fragments with an MBD Column. Digestion of genomic DNA with restriction endonuclease Tsp509 I is expected to maintain the integrity of 
5Ј-GGGTTAGGTGACACCCACTG-3Ј
protein ( CpG islands because the occurrence of Tsp509I sites (AATT) within CpG islands is rare. Preliminary investigation of 22 sequenced human genes with CpG islands revealed that the sizes of Tsp509I fragments containing a CpG island were 0.8-2.8 kb, and the number of CpG pairs contained in these fragments was 60-180. CpG sequences are considered to be densely methylated in reported CpG islands, although some recent reports have indicated the existence of regions of DNA having few mCpGs in CpG islands that are methylated as a whole (14) (15) (16) (17) . We first examined whether DNA fragments having 60-180 mCpGs could be separated from those having 30 mCpGs by MBD column chromatography. Eleven cloned DNA fragments with or without in vitro methylation described in Table 1 were pooled and loaded on an MBD column. Aliquots of eluates from appropriate fractions were then subjected to Southern analysis (Fig. 1A) .
pEG fragments of 1.8 kb from fraction 16 were cleaved with HpaII or HhaI, those from fraction 30 were cleaved with HhaI but not with HpaII, and those from fraction 46 were resistant to HpaII or HhaI. These results showed that the DNA fragments from fraction 16 were nonmethylated, those from fraction 30 were methylated at HpaII sites (32 mCpGs), and those from fraction 46 were extensively methylated (192 mCpGs) (data not shown). This result indicates that DNA fragments with the same nucleotide sequence but different methylation status are separated by MBD column chromatography.
All nonmethylated fragments were eluted in fractions 16-18 (0.52-0.56 M NaCl). Fragments R15-4 (3.5 kb) and pUC19 (2.7 kb) differed in size and nucleotide sequence, but had a similar number of mCpGs after treatment with Sss I methylase (207 and 173, respectively). Both of the methylated fragments were eluted predominantly in fraction 36 (0.80 M NaCl). Fragments pEG, treated with HpaII methylase (1.8 kb, 32 mCpGs), and pS5, treated with SssI methylase (0.9 kb, 35 mCpGs), were eluted predominantly in fraction 30 (0.72 M NaCl). These results demonstrate that DNA fragments with a similar number of mCpGs are eluted at a similar salt concentration independent of their nucleotide sequences and size. DNA fragments denser in mCpGs (pEG fragment with 192 mCpGs and R16-2 fragment with 71 mCpGs) were eluted at higher salt concentrations than compatible with monotonic increase based on the absolute number of mCpGs.
Separation of Genomic DNA Fragments with an MBD Column. We then examined whether MBD column chromatography enables the separation of methylated CpG islands from corresponding nonmethylated CpG islands in genomic DNA. The CpG island of the human CDH1 gene has been reported to be heavily methylated in a gastric cancer cell line, MKN1 (18) . The Tsp509I fragment containing this CpG island is 1.7 kb in size and has 126 CpG dinucleotides. Tsp509I digests of high molecular weight DNA derived from normal human tissue and from MKN1 cells were analyzed by MBD column chromatography.
Tsp509I fragment containing the CpG island derived from normal somatic tissue was eluted in fraction 16 (0.52 M NaCl) (Fig. 1B) and surrounding fractions. However, in the case of MKN1 DNA, the corresponding fragment was eluted in fractions 30-36 (0.72-0.80 M NaCl) (Fig. 1C) . These results indicate that genomic fragments from methylated and corresponding nonmethylated CpG islands can be separated by MBD column chromatography.
Similar differences in elution profiles were observed when we analyzed male and female DNAs. DNA fragments containing CpG island of the human HPRT gene on X chromosome from male DNA were detected only in lower salt fractions, whereas the corresponding fragments of female DNA were detected both in lower and higher salt fractions (data not shown). Table 1 with and without in vitro methylation were applied to the column. One hundred-microliter aliquots were subjected to Southern analysis. Fifty micrograms of Tsp509 I digests of DNA from human adult male tissue (B) and 50 g of Tsp509 I-digests of DNA from MKN1 cell line (C) were applied to the column. Three hundred microliters of aliquot was subjected to PCR to detect DNA fragments containing a CpG island of the human CDH1 gene. M, HaeIII digests of pUC19 DNA; C, PCR products from each Tsp509 I-digested genomic DNA. Elution at the same salt concentration in separate experiments does not necessarily guarantee similar methylation status, even when the same column was used. After extensive use, an alteration of the retention capacity of the column was observed. The retention capacity was monitored by elution profile of some fragments shown in Table 1 (data not shown). Thus, methylation status of DNA fragment in fraction 30 in A may not be identical to that of fraction 30 in B or C.
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Proc. Natl. Acad. Sci. USA 96 (1999) weight DNA derived from nine male patients with adenocarcinomas of the lung (Ϸ6 g from each patient) was digested with Tsp509I and subjected to MBD column chromatography. Differentially methylated DNA fragments (R16-2 with 72 mCpGs and pS5 with 35 mCpGs, Table 1 ) were added to the digest as internal standards. The MBD column chromatography was repeated, and two pools of methylated DNA fragments from a total of 104 g of tumor DNA were combined. The DNA fragments were subjected to two more rounds of MBD column chromatography to eliminate contaminating moderately methylated DNA fragments. The recovered fragments were ligated to the arms of vector lambda Zap II, and 3 ϫ 10 5 phages were obtained.
Isolation of Methylated CpG Islands.
Phage clones with long inserts were detected by using PCR. Of 1,067 clones examined, only 60 had Tsp509I fragment inserts longer than 0.8 kb. The majority of clones, some of which were CpG-rich, had shorter inserts (data not shown).
Some CpG-rich multicopy sequences, such as subtelomeric repeat and ribosomal DNA (rDNA) nontranscribed spacer (NTS) region are known to be methylated in somatic cell DNA (19) (20) (21) . The presence of these sequences was investigated before SPM analysis, and the results revealed that 9 of the 60 clones were derived from such regions (data not shown).
The remaining 51 clones were digested with Tsp509 I͞MseI͞ BfaI͞NlaIII and subjected to SPM analysis. A total of 25 retained fragments were obtained from 23 clones. A representative SPM result is shown in Fig. 2 as bands retained on a denaturing gradient gel after prolonged field exposure. Nucleotide sequence analysis of retained fragments revealed that 9 of the 25 retained fragments were derived from CpG islands. The features of these retained DNA fragments are summarized in Table 2 . Because our previous study (6, 8) showed that most CpG islands expected in the analyzed fragments could be recovered by using SPM, only few DNA fragments from CpG islands, if any, would be contained in nonretained ones.
Clones pSPM210 and pSPM997 had nucleotide sequences identical to the human ENDOG cDNA and the human cDNA for KIAA0445 protein, respectively. Clones pSPM39, 769, and 814 had nucleotide sequences identical to those of human expressed sequence tags (ESTs). Clone pSPM814 was closely similar to the mouse Wnt-5b cDNA. Clone pSPM125 had a sequence identical to that of a reported CpG island clone 31a1 (accession nos. Z58195 and Z58196). Clone pSPM789 had a region similar to an EST sequence vi68e08.r1 (accession number AA497761), which is similar to the nucleotide sequence of human CCAAT-binding transcription factor I subunit A. The remaining two clones, pSPM639 and 845B, did not show any similarity to reported gene-associated sequences, but their nucleotide sequences were identical to part of a human chromosome 5 P1 clone 1307e8 (accession no. AC005355) and a P1 artificial chromosome clone pDJ778a2 sequence derived from human chromosomal region 15q11-q13 (accession no. AC004583), respectively.
Two of the 16 fragments carrying non-island sequences were derived from rDNA regions that were not analyzed and therefore not eliminated before SPM analysis. The majority of the retained non-island fragments were derived from repetitive elements, such as Alu medium reiteration frequency (MER) families and long terminal repeat (LTR) sequences (data not shown). These results suggest that the sequences with repetitive elements are highly methylated.
Investigation of Methylation Status in Genomic DNA. Tsp509I digests of tumor DNA used in constructing the methylated-DNA library and DNA from the noncancerous portion of the lung of the same patients were subjected to MBD column chromatography to determine their methylation status. Calibration of the MBD column using appropriate DNA fragments was performed before and after separation of genomic fragments.
DNA from the flow-through fraction, DNA from lower salt fractions, and DNA from higher salt fractions were subjected to PCR. The representative results from clones pSPM210 and pSPM814 are shown in Fig. 3 . In the case of the CpG island corresponding to clone pSPM210, PCR fragments were observed from lower salt fractions but not from the higher salt fractions of normal DNA of patient 56 (Fig. 3, pSPM210, lanes 2 and 3 of  56N) . However, in tumor DNA of the same patient, a PCR product was detected from higher salt fractions in addition to the lower salt fractions (Fig. 3, pSPM210, lane 3 of 56C) . These results indicate that the CpG island corresponding to pSPM210 is methylated specifically in some tumor cells of this patient. In contrast, no tumor-specific methylation of the CpG island was observed from DNAs of patients 59 and 113.
As observed in CpG islands corresponding to clone pSPM814 (Fig. 3, pSPM814) , the remaining eight CpG islands were highly methylated in both normal and tumor DNAs of all nine patients.
Investigation of Methylation Status in DNA from Cell Lines. The methylation status of CpG islands corresponding to the observed clones in the genome of several cell lines of human adenocarcinomas of the lung also was analyzed. In the majority of cell lines, with the CpG island corresponding to clone pSPM210 (Fig. 4A) , which showed tumor-specific methylation, the level of PCR product from higher salt fractions was very low when compared with that from the lower salt fraction. However, in RERF-LC-OK, similar amounts of PCR products were observed from both lower and higher salt fractions. This result suggests that in RERF-LC-OK cells, one allele of this gene is methylated, whereas the other is not.
Sensitivity to methylation-sensitive restriction endonucleases confirms the presence of the methylated CpG island in RERF-LC-OK cells (Fig. 4B) . In both RERF-LC-OK and VMRC-LCD DNAs, 1.6-kb Tsp509I fragments were observed in lane 1. Further digestion of VMRC-LCD DNA with MspI or HpaII gave a single (Fig. 4A) , approximately the same level of PCR products was detected from lower and higher salt fractions of cell line VMRC-LCD, as was observed from the DNA derived from tissues (Fig.  3, pSPM814) , suggesting methylation of one of the two alleles. However, in the other five cell lines, PCR products were observed at greater levels from higher salt fractions, indicating that the methylated allele of this gene is predominant in five of the cell lines. We confirmed that the absence of signal in the lower salt fraction did not reflect a gene dosage effect associated with sex chromosomes (data not shown). In the case of CpG island corresponding to clone pSPM997, a reduced amount of PCR product from higher salt fractions of cell line ABC-1 was detected, suggesting demethylation, whereas approximately the same level of PCR products was detected from lower and higher salt fractions of the other five cell lines (data not shown).
In the case of CpG islands corresponding to clones pSPM39 and 769, PCR products were observed from both lower and higher salt fractions in all six cell lines (data not shown). The methylation status of the CpG islands corresponding to other clones was not analyzed.
Northern analysis was carried out to correlate methylation to gene silencing, but mRNA corresponding to clones pSPM210 or pSPM814 were not observed in the six cell lines regardless of methylation status (data not shown).
DISCUSSION
We have constructed a library of DNA fragments that are highly methylated in human adenocarcinomas of the lung. DNA fragments associated with CpG islands were then isolated from this library using SPM methodology. Separation of DNA fragments by MBD column chromatography depends primarily on the number of mCpGs within the fragments, as previously reported (5). However, some fragments denser in mCpGs were eluted at greater salt concentrations than might be expected based on the absolute numbers of mCpGs. Hypothetically this could be attributed to protein-protein interactions, which can strengthen binding.
The methylation status of genomic DNA can be conventionally analyzed by digestion with restriction endonucleases that are sensitive to methylation. One of the benefits of MBD column chromatography and SPM is that the separation of DNA fragments is independent of restriction sites within target sequences. Accumulating evidence suggests that the presence of mCpGs among CpG residues within CpG islands in cancer is not necessarily uniformly distributed (15) (16) (17) . Therefore, an analysis based on the presence of restriction sites can underestimate the extent of methylation. PCR-based methods for isolation of methylated CpG islands or methylated DNA fragments after digestion of genomic DNA with methylation-sensitive restriction endonucleases (22) (23) (24) (25) (26) have been reported. However, the usefulness of these approaches remains dependent on the methylation status of restriction sites within the region of DNA. In a method based on arbitrarily primed PCR using a single primer, nucleotide sequences of the primer become critical for detection. Our method is clearly advantageous for an unbiased, comprehensive isolation of methylated CpG islands in cancer cell-derived DNA. Methylation-specific PCR (27) is a robust method to discriminate methylated and nonmethylated alleles. However, when the distribution of mCpGs is not uniform, design of PCR primers becomes difficult, and in many cases, different PCR conditions are required to amplify DNA fragments derived from the methylated and nonmethylated alleles.
Our results demonstrate that there are two types of methylated CpG islands in tumors. One type of CpG island is methylated specifically in tumor DNA and the other type is methylated in normal and tumor DNAs. The former may be associated directly with tumorigenesis. The presence of a methylated allele together with a nonmethylated allele in the same male individual suggests that the corresponding genes are imprinted. Therefore, one possibility to explain the presence of bands from both lower and higher salt fractions is that CpG islands corresponding to clones pSPM39, 125, 639, 769, 789, 814, 845B, and 997 could be associated with imprinted genes. However, allele-specific methylation remains to be elucidated because of the difficulty in distinguishing between the two alleles. CpG islands of the human ER gene in normal colon epithelial cells has been reported to undergo methylation associated with aging (28) . In some cases, for both normal and tumor DNAs, we found that a minor population of DNA fragments containing CpG islands of the human ENDOG gene was eluted in higher salt fractions, for example, in patient 59 (Fig. 3, pSPM210, lane 3 of  59N) . The age of this patient was 71, allowing the possibility that this increase in methylation may be associated with aging.
From 1,067 clones, we isolated 3 CpG-rich fragments derived from the NTS region of the rRNA genes (positions 18,644-19,590, accession no. U13369) and 5 from different segments of the same region (positions 41,637-42,486). CpG pairs of the NTS region have been reported to be heavily methylated in lymphocyte and sperm genomic DNA (19) . We have found that the NTS regions are extensively methylated both in lung cancer DNA and in normal DNA, and the methylation status of the rDNA genes in the lung cancer DNAs used in the present study does not undergo gross alteration (29) . In this study we have analyzed Ϸ0.3% of the total number of clones in the library (3 ϫ 10 5 ), and on the average, four clones derived from the specific segment of the NTS region were detected. From these results, 1,200 clones from the specific NTS region would be expected to be contained in the library. The number of rDNA clones predicted to be in the library corresponds to a three-genome equivalency, because copy numbers of the human rRNA genes are reported to be Ϸ400 per haploid genome (30) . Therefore, the enriched library should contain, on average, three molecules of each mCpG clone of the genome if their methylation status is constant in most tumor DNA samples. Assuming no aberration of methylation signals of imprinted genes in the majority of cancer, we should expect that the CpG islands of many imprinted genes are represented in our library.
In summary, we generated a library of 3 ϫ 10 5 phage clones from a pool of nine human adenocarcinomas of the lung. From this library, we found 5.6% (60 of 1,067 clones) had long inserts. In further analysis of the 60 clones, 9 had subtelomeric repeat or rRNA NTS region sequences. SPM analysis of the remaining 51 clones resulted in retention of 25 fragments, 9 of which were found to be derived from CpG islands. Of these 9 CpG islands, 1 was methylated in the tumor but not in normal tissue in 1 of the 9 tumor specimens. The other 8 CpG islands were highly methylated, possibly monoallelically, both in normal and tumor tissue. Our results suggest that the number of CpG islands methylated specifically in tumor DNA is much lower than the total number of imprinted genes. However, in our analysis, one CpG island methylated specifically in tumor DNA was identified from a total of 1,067 clones. Therefore, one would expect that hundreds of clones containing CpG islands methylated specifically in tumor DNA would be represented in the complete library. Further characterization of such CpG islands will facilitate understanding of epigenetic aberration in cancer.
